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METHOD AND SYSTEM FOR STRUCTURAL
INTEGRITY ASSESSMENT

This application claims the benefit of U.S. Provisional
Patent Application 61/778,348 filed on Mar. 12, 2013
entitled “METHOD AND SYSTEM FOR STRUCTURAL
INTEGRITY ASSESSMENT” and U.S. Provisional Patent
Application 61/842,486 filed on Jul. 3, 2013 entitled
“METHOD AND SYSTEM FOR STRUCTURAL INTEG-
RITY ASSESSMENT?”, the entire contents each of which
are incorporated in their entirety herein by reference. This
application is related to a co-pending Patent Cooperation
Treaty (PCT) application entitled “METHOD AND SYS-
TEM FOR STRUCTURAL INTEGRITY ASSESSMENT”,
PCT/US2014/024614, the entire contents of which are
incorporated herein by reference.

FIELD

Embodiments relate to detecting a defect in concrete.

BACKGROUND

Corrosion of reinforcing bars, or rebar, can be a serious
deterioration mechanism in reinforced concrete affecting
roadway and/or bridge service life and operation. As rust is
two to six times larger in volume than the parent steel, the
development of corrosion products leads to section loss in
the steel and to cracking of the concrete, which is frequently
manifest as a subsurface defect (e.g., delamination) of the
concrete. Quantifying the percentage of concrete that is
affected by a defect is an important aspect of assessing the
structural health of the concrete.

Accurate detection of a defect can be difficult and inef-
ficient using known systems and methods. Thus, a need
exists for systems, methods, and apparatus to address the
shortfalls of present technology and to provide other new
and innovative features.

SUMMARY

One embodiment includes a method for detecting a defect
in concrete. The method includes dispensing an object at a
portion of concrete, determining an impact time of the object
on the portion of concrete, detecting at least one acoustic
wave reflected from the portion of concrete, filtering the at
least one acoustic wave, and identifying a defect in the
portion of concrete based on the filtering.

Another embodiment includes a system for detecting a
defect in concrete. The system includes a dispenser config-
ured to project an object toward a portion of concrete, a
detector configured to detect at least one acoustic wave
reflected from the portion of concrete in response to impact
of the object, and an assessment device configured to filter
the at least one acoustic wave and identify a defect based on
the results of the filter.

Still another embodiment includes a computer readable
medium. The computer readable medium includes code
segments that, when executed by a processor, cause the
processor to perform steps. The steps include processing a
plurality of records from a datastore, the plurality of records
including at least one measurement associated with an
acoustic wave reflected from a portion of concrete upon
impact of an object and information about the measurement,
filtering the at least one measurement using at least one of
a time domain filter and a frequency domain filter, and
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2

identifying a defect in the portion of concrete based on the
filtered at least one measurement.

BRIEF DESCRIPTION OF THE DRAWINGS

Example embodiments will become more fully under-
stood from the detailed description given herein below and
the accompanying drawings, wherein like elements are
represented by like reference numerals, which are given by
way of illustration only and thus are not limiting of the
example embodiments and wherein:

FIG. 1 illustrates a block diagram of a system for detect-
ing a defect in concrete according to at least one example
embodiment.

FIGS. 2A-2D illustrate generating acoustic waves when
an object is dropped on concrete according to at least one
example embodiment.

FIGS. 3-5A illustrate block diagrams of systems for
detecting a defect in concrete according to at least one
example embodiment.

FIG. 5B illustrates a time versus travel of object contact
with concrete using the system for detecting a defect in
concrete illustrated in FIG. SA.

FIG. 6 illustrates a block diagram of a controller and of an
assessment device according to at least one example
embodiment.

FIG. 7 illustrates a flowchart for detecting a defect in
concrete according to at least one example embodiment.

FIGS. 8A-8D illustrate graphs of time vs. frequency
contours according to at least one example embodiment.

It should be noted that these Figures are intended to
illustrate the general characteristics of methods, structure
and/or materials utilized in certain example embodiments
and to supplement the written description provided below.
These drawings are not, however, to scale and may not
precisely reflect the structural or performance characteristics
of any given embodiment, and should not be interpreted as
defining or limiting the range of values or properties encom-
passed by example embodiments. For example, the relative
thicknesses and structural elements may be reduced or
exaggerated for clarity. The use of similar or identical
reference numbers in the various drawings is intended to
indicate the presence of a similar or identical element or
feature.

DETAILED DESCRIPTION

While example embodiments may include various modi-
fications and alternative forms, embodiments thereof are
shown by way of example in the drawings and will herein be
described in detail. It should be understood, however, that
there is no intent to limit example embodiments to the
particular forms disclosed, but on the contrary, example
embodiments are to cover all modifications, equivalents, and
alternatives falling within the scope of the claims. Like
numbers refer to like elements throughout the description of
the figures.

Although several non-destructive techniques have been
investigated for this purpose, acoustic methods are the most
widely used in the field. One example, chain dragging,
consists of dragging a steel chain across a bridge deck
surface and listening to changes in the acoustic response of
the deck. While chain dragging has been used successfully
for many years, chain dragging involves a degree of sub-
jectivity, as even experienced operators may hear changes in
the acoustic response of the deck differently, and its accu-
racy can be affected by operator fatigue. Another example is
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impact-echo testing, developed at the National Institute of
Standards and Technology (NIST). The impact-echo testing
technique involves exciting the concrete with an impulse-
type loading and listening to the response. This method
typically utilizes a rod to tap the concrete and a piezoelectric
transducer to detect acoustic responses.

FIG. 1 illustrates a block diagram of a system for detect-
ing a defect in concrete according to at least one example
embodiment. As shown in FIG. 1, the system 100 includes
a controller 105, a dispenser 110, a detector 115, and an
object 120. The dispenser 110 may dispense the object 120
onto a portion of concrete (hereinafter concrete). The con-
crete may be a roadway and/or a portion of a roadway. For
example, the concrete may be the surface, on which, for
example, automobiles, bicycles, and so forth travel, of a
bridge, a highway, walkway, and/or the like. The concrete
may be a parking area, a warehouse floor, a water tank roof
or other reinforced concrete element. The concrete may be
a support. For example, the concrete may be a support for a
bridge or a building. The concrete may be a concrete slab
constructed for use in a test lab. The concrete may include
metal shafts, rebar and/or other types of metallic and non-
metallic reinforcement. The concrete may be a vertical or
horizontal surface of a building. The surface of the concrete
may include a surface treatment. For example, a combina-
tion of epoxy and gravel, bitumen/asphalt and gravel, tile,
paint, or some other surfacing applied to the concrete. The
above are just examples to illustrate concrete, accordingly,
example embodiments are not limited thereto.

The dispenser 110 may dispense (e.g., project, drop,
launch, move) object 120. In other words, the dispenser 110
may use gravity to project or move object 120 toward the
concrete. In cases where the dispenser 110 uses gravity, the
dispenser can be referred to as a gravity-based dispenser. For
example, a latched or trap door associated with the dispenser
110 may open to drop the object 120. The dispenser 110 may
drop the object 120 from a fixed height (e.g., fixed in relation
to the concrete). The dispenser 110 may launch object 120.
In other words, the dispenser 110 may apply a force to
project object 120 to the concrete or project the object 120
at a high velocity or a relatively high (e.g., as compared to
gravity) velocity. In cases where the dispenser 110 launches
objects, the dispenser 110 can be referred to as a launcher.
For example, the dispenser 110 may use compressed gas
and/or a spring to project (e.g., at a set speed or velocity) the
object 120 toward the concrete. In other words the object
120 may be projected from the dispenser 110 as a com-
pressed gas launch or a spring assisted launch.

The object 120 may be round, square, triangular, or the
like. The object 120 may be environmentally neutral. In
other words, the object 120 may dissipate (e.g., dissolve,
biodegrade) into the environment without negative impact
(e.g., relatively little negative impact, substantially no nega-
tive impact) on the environment surrounding the concrete.
For example, the object 120 may be formed of ice. Accord-
ingly, the object may melt and dissipate in the surrounding
environment. For example, the object 120 may be formed of
a biodegradable material (e.g., plastic) that breaks down in
the surrounding environment. Environmentally neutral may
also indicate that no (e.g., substantially no, relatively little)
damage occurs to other elements (e.g., automobiles) in the
surrounding environment. In other words, the object 120
may be formed of a material that may not damage a surface
(e.g., paint or glass) of an automobile traveling on the
concrete.

The detector 115 may be, or may include, a microphone.
The detector 115 can also include a recorder. For example,
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the detector 115 can be a piezoelectric array microphone
together with an acoustic sampling unit. The detector may
also be a fiber optic microphone, a laser microphone, a
silicon based microphone, a moving coil microphone, and
the like. The recorder (or acoustic sampling unit) may be an
element of the controller 105. The detector 115 may be close
(or substantially close) to the concrete. For example, the
detector 115 may be within 8, 12, 20, 25 cm of the concrete
(e.g., of the impact point of the object 120 on the concrete)
and directed towards the impact location. The detector 115
may be positioned based on an angle of impact of the object
120 as dispensed by the dispenser 110.

For example, in one implementation the angle of impact
may affect what kind of surface wave modality directs
energy towards the detector 115. Additionally, the time of
arrival of the received acoustic response by the detector 115
may be affected by the distance of the detector 115 from the
concrete. Accordingly, the distance from the detector 115 to
the concrete surface should be small (or relatively small), for
example 8, 12, 20, 25 cm, because a small distance may
reduce the time between impact and response (especially for
multiple shots at the concrete). Additionally, the amount of
energy received lessens according to the surface area of the
effective envelope surrounding the responding concrete.

FIGS. 2A-2D illustrate generating acoustic waves when
an object is dispensed, dropped, projected, launched, and the
like on concrete according to at least one example embodi-
ment. As shown in FIGS. 2A and 2B, an object 205-1, 225-1
is projected toward concrete 210, 230. In system 200, the
concrete 210 does not include a defect. In system 220,
concrete 230 includes a defect 240. A defect (e.g., defect
240) may be any defect causing an acoustic impedance
discontinuity. An acoustic impedance discontinuity may
cause a reflection of acoustic energy. For example a defect
may be a delamination, a vertical/horizontal/any orientation
crack, a bond disjoint/disbondment, and/or the like. The
object 205-1, 225-1 contacts the concrete 210, 230 and
subsequently bounces or reflects away from the concrete
210, 230 (illustrated as objects 205-2, 225-2). The angle of
the objects 205-1, 225-1, 205-2, 225-2 in relation to the
concrete 210, 230 may be any angle and may be different
angles. For example, the angle of approach and departure
may be the same (or substantially the same) for concrete
without a defect (e.g., concrete 210). For example, the angle
of approach and departure may be the different (or substan-
tially different) for concrete with a defect (e.g., concrete
230).

As shown in FIGS. 2C and 2D, waves are generated as a
result of the object 205-1, 225-1 coming in contact with
concrete 210, 230. Internal waves 255-1, 265, 270-1 bounce
or reflect within the concrete 210, 230. The waves have
varying wavelengths in the time domain or center frequen-
cies (or contours) in the frequency domain, and varying
power (e.g., decibels (dB)), based on the bounces or reflec-
tions. For example, the waves that reach the bottom surface
of the concrete 210, 230 (e.g., waves 255-1 and 265) have
a longer wavelength than those that reflect from a defect 240
(e.g., 270-1). Accordingly, acoustic waves 255-2, 270-2,
external to the concrete 210, 230 have wavelengths or
frequencies that differ based on the existence of a defect.
Acoustic waves 255-2, 270-2 can also be referred to as
guided recursive waves or Lamb waves because the concrete
can act like a vibrating membrane (or plate) thus generating
an acoustic wave based on the vibration. The concrete (as a
vibrating membrane) can vibrate differently (e.g., at a dif-
ferent frequency) based on whether or not a defect exists.
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A model of solid-solid impacts may be used to describe
the force-time characteristics of an impact event. In an
example implementation that involves the use of gravity for
acceleration of the object 205-1, 225-1 over short or rela-
tively short distances, the object velocity may be limited to,
for example, less than 7 m/s. Hertzian contact theory can be
applied to such low-velocity, solid-solid impacts. Equations
1-3 below are derived from Hertzian contact theory.

If the collision is perfectly elastic, then the total contact
time will be 2t.. The maximum force (F,) in terms of the
object material properties, velocity, and radius and the
concrete properties can be expressed as:

F =3.025[(1-Vp)°Ex "+(1-v)?Ep112°R.2
0,83/5,\/06/5

M

Where 0 is the density of the object 205-1, 225-1. Where
Ez and v are the elastic modulus and Poisson’s ratio of the
object 205-1, 225-1 and Ej, and v, are the elastic modulus
and Poisson’s ratio of the concrete 210, 230. Where R.. is the
effective radius of the object 205-1, 225-1 and concrete 210,
230, which in this case is just the radius of the object 205-1,
225-1 because the concrete 210, 230 is effectively infinite.
Where my is the mass of the object 205-1, 225-1 and v, is
the velocity of the object 205-1, 225-1 at the time of impact.
Equation 1 shows that, if the object material and the concrete
have different elastic moduli, the mechanical properties of
the material with the smaller elastic modulus will dominate
the maximum force. Therefore, in the case of steel-concrete
impacts, where steel has an elastic modulus of, for example,
200 GPa and concrete has an elastic modulus of, for
example, 30 GPa, the concrete properties will more strongly
influence the peak force for a given impact. In the case of
ice-concrete impacts, although the difference in elastic
moduli between the two materials is comparatively smaller,
the properties of the ice will dominate the peak force. For an
object with a given radius, the equation also demonstrates
that a denser object, such as steel (7850 kg/m3), will also
produce a much stronger peak force than a less dense object,
such as ice (920 kg/m3). Increasing the velocity of the object
when dispensed is advantageous in all cases for increasing
the force.

The contact time can also be found from algebraically
manipulating and rearranging the previous expression into
the expression:

1,=2.538[(1-v )P Ep '+ (1-vz PER 1?PR.u0p3 v 712

@

This expression shows that reducing the effective elastic
modulus of the combined system, reducing the impact
velocity, or increasing the size or the density of the object
205-1, 225-1 will increase the contact time. The contact time
is considered for the type of impact pulse applied to the
concrete because it specifies the range of frequencies that
will be excited. The development followed here additionally
considers that the force-time curve of the linearly approxi-
mated Hertzian impact can be characterized as:

F(o) = chin(g) 3

Once the object 205-1, 225-1 has impacted the concrete
210, 230, various transfers of energy occur. Most of the
energy is not returned as part of the acoustic response but is
dissipated into the concrete 210, 230. In addition, some
energy is absorbed through deformation of the object 205-1,
225-1, which, in the case of an ice ball, may even crack.
During impact, the concrete 210, 230 is indented, and
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various waves emanate from the impact point. The high-
frequency waves associated with pressure waves being
reflected off the bottom of the concrete or embedded defects
(e.g., delamination defects) may be, for example, zero-
group-velocity Lamb waves that radiate acoustic energy into
the air. In addition to the Lamb waves, low-frequency
flexural modes representing the plate vibrations of the
concrete 210, 230 may be excited.

FIGS. 3-5A illustrate block diagrams of systems for
detecting a defect in concrete according to at least one
example embodiment. As shown in FIG. 3, system 300
includes a controller 305, a water source 310, a freezer 315,
a dispenser 320 and a detector 325. The water source 310
and the freezer 315 are coupled by a water conduit 340 (e.g.,
a hose). The freezer 315 and the dispenser 320 are coupled
by an ice conduit 345 (e.g., an auger). The water source 310
may be a water storage tank configured to store water (e.g.,
potable water). The water source 310 may be an unlimited
(or substantially unlimited) water source (e.g., a community
water system). The freezer 315 may be configured to gen-
erate an ice shape as an object 350 by freezing the water. The
shape may be a circle, sphere, triangle, cube, and the like.

The dispenser 320 may be configured to project (or
otherwise dispense) the object 350 toward the concrete 335.
For example, the dispenser 320 may be configured to drop
the object such that gravitational forces project the object
350 toward the concrete 335. For example, the dispenser 320
may use compressed gas, a spring, and/or other mechanism
to project (e.g., at a set speed or velocity) the object 350
toward the concrete 335. The detector 325 may be a micro-
phone and a recorder.

As shown in FIG. 4, system 400 includes a controller 405,
a source 410, a dispenser 415, a detector 420 and a sensor
425. The source 410 and the dispenser 415 are coupled by
a conduit 430 (e.g., an auger, a hose, a passage, and the like).
The conduit 430 may be configured to direct and object 435
to the dispenser 415. For example, the dispenser 415 may be
a compressed gas dispenser (e.g., an air gun) and the source
410 may be a spring assisted feeder (e.g., a magazine).
Accordingly, the conduit 430 may be the mechanism by
which the magazine feeds the air gun.

The dispenser 415 may be configured to project the object
435 toward the concrete 440. For example, the dispenser 415
may be configured to drop the object 435 such that gravi-
tational forces project the object 435 toward the concrete
440. For example, the dispenser 415 may use compressed
gas and/or a spring to project (e.g., at a set speed or velocity)
the object 435 toward the concrete 440. Accordingly, the
dispenser 415 can be a compressed-gas dispenser or can be
a spring-based dispenser. The detector 420 may be, for
example, a microphone (and a recorder). The sensor 425
may be an infrared (IR) sensor.

In one example implementation, the dispenser 415 can be
a compressed-gas dispenser or air gun that launches or
shoots a pellet or ball (e.g., biodegradable plastic ball) as the
object 435. In this example implementation, the object 435
is projected or launched at a velocity of 100-400 ft/sec. The
object may have a mass of, for example, about 0.20 grams
to 0.25 grams and a diameter of, for example, about 5 mm
to 8 mm.

As shown in FIG. 5A, system 500 includes system 530
including a controller 505, a dispenser 510, a detector 515
(e.g., a microphone and a recorder) and a catcher 535 (e.g.,
a box positioned to catch objects following impact). The
catcher 535 may be configured to retrieve at least one object
projected by the dispenser 510. The system 530 may be
configured to travel along concrete 520 and project an object
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525 toward concrete 520 such that a plurality of objects
(including object 525) impact on concrete 520 at regular (or
substantially regular) intervals (e.g., time or distance inter-
vals). In other words, as the system 530 travels along
concrete 520, the dispenser 510 may dispense a plurality of
objects and detect (e.g., measure acoustic signals) impacts of
each of the plurality of objects. The system 530 may be
pulled or towed behind a motorized or non-motorized
vehicle (e.g., automobile, wagon, cart). Alternatively, and/or
in addition, system 530 may be contained within or may be
a motorized or non-motorized vehicle.

As discussed in more detail below with regard to FIG. 6,
the controller 505 may be configured to correspond to
measurements associated with detector 515 with the
impacts. Accordingly, impacts and their corresponding mea-
surements (e.g., acoustic signals can be associated with a
location along the concrete 520. In this way, a defect (e.g.,
a delamination defect) can be detected and associated with
a location on the concrete 520. For example, referring to
FIG. 5B, as the system 530 travels along concrete in the
indicated direction of travel, at time TO, T1, T2, T3, T4, T5
and so on an object 525 can be dispensed by dispenser 510
and a corresponding impact with the concrete 520 detected
(and measured) by detector 515.

Although system 530 is shown as including the controller
505, the dispenser 510 and the detector 515, the system 530
may be configured with additional elements as shown in
FIG. 3 and/or FIG. 4.

FIG. 6 illustrates a block diagram of a controller and of an
assessment device according to at least one example
embodiment. As shown in FIG. 6, the controller 600
includes a (or at least one) processor 602, an operating
system 604, a (or at least one) memory 606, a global
positioning system 608, a trigger module 610 including
dispenser characteristics 612, a detector module 614, a raw
data datastore 616, and a communication interface 618. As
shown in FIG. 6, the assessment device 650 includes a (or
at least one) processor 652, an operating system 654, a (or
at least one) memory 656, a filter module 658 including a
time domain module 660 and a frequency domain module
662, a flaw determination module, and a communication
interface 618. In an alternative embodiment, the assessment
device 650 is an element or module of the controller 600.

As shown in FIG. 6, the memory 606, 656 includes code
that can be executed to provide an operating system (O/S)
604, 654, and at least one associated module. The operating
system (O/S) 604, 654, and the at least one associated
module (together) may be configured to implement (at least
a portion of) the methods described herein. According to
example implementations, the operating system (O/S) 604,
654 manages hardware resources associated with the con-
troller 600 and/or the assessment device 650 and provides
common services for computer programs executing on the
controller 600 and/or the assessment device 650.

The trigger module 610 may be configured to determine
an object has been dispensed. In addition, the trigger module
610 may be configured to determine object impact times.
Object impact times may be based on when an object is
about to, is in the process of and/or has impacted on
concrete. In one example embodiment the trigger module
610 calculates associated impact times. Accordingly, the
dispenser characteristics 612 may include variable values
associated with the dispenser. For example, the variables
values may include values associated with a dispense veloc-
ity, a distance to the concrete, a dispense angle, character-
istics of the object and the like. The variables values may
also be associated with characteristics of the object and/or
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the concrete. For example the variable values may include a
shape of the object, a weight of the object, a size of the
object, thickness of the concrete, and the like. For example,
the variables values may include values associated with
equations 1-9 above. Accordingly, the trigger module 610
may be configured to calculate associated impact times
based on the dispenser characteristic values and/or the object
characteristic values.

In another example embodiment, at least one sensor (e.g.,
sensor 425) may be configured to indicate the object is about
to impact the concrete. For example, the trigger module 610
may receive an indication from the at least one sensor that
an object tripped or triggered the sensor (e.g., the object has
passed through an IR beam or an audio sensor indicates an
object has been dispensed). Accordingly, the trigger module
610 may be configured to calculate associated impact times
based on the indication that the object is about to impact the
concrete. In yet another example embodiment, the trigger
module 610 may be configured to calculate associated
impact times based on the indication that the object is about
to impact the concrete, the dispenser characteristic values
and/or the object characteristic values. In yet another
example embodiment, the dispenser may communicate a
signal that an object has been dispensed.

The detector module 614 may be configured to read
and/or receive measurements from a detector (e.g., detector
115, 325, 420, and/or 515). The measurements may be
associated with an object impacting concrete. The measure-
ments may be acoustic waves. The measurements may
indicate a defect (e.g., a delamination defect) in the concrete.
The measurements may be stored in the raw data datastore
616. The measurements may be stored in the raw data
datastore 616 together with information about the measure-
ment (e.g., location and time). The measurements may be
stored in correspondence with the associated impact times
for an object. The global positioning system (GPS) 608 may
be configured to indicate a location of the system including
the controller 600 (e.g., system 100, 300, 400 and/or 500).
The indication of the location may be stored in correspon-
dence with a measurement in the raw data datastore 616. In
other words, the measurement for an acoustic wave associ-
ated with an impact may be stored, in the raw data datastore
616, with a corresponding location indicated by the GPS
608.

The flaw determination module 664 may be configured to
determine a defect (e.g., a delamination defect) exists (or
likely exists) in the concrete. The flaw determination module
664 may determine a defect exists based on the measure-
ments (e.g., acoustic wave measurements). Accordingly, the
flaw determination module 664 may be configured to read
the measurements stored in the raw data datastore 616. Then
the flaw determination module 664 may determine associa-
tions between acoustic wave measurements, object impact
times and impact locations (e.g., GPS positions).

The filter module 658 may be configured to filter (or
remove) undesirable acoustic wave measurements. For each
acoustic wave associated with an impact, acoustic waves
representing noise or ambient noise (e.g., environmental
sounds associated with nearby vehicles) or other undesirable
sounds (e.g., spring or air gun shots associated with a
dispenser) may be filtered from the acoustic wave measure-
ments. For example, a time domain band reject filter having
a window (e.g., a Hamming window) that excludes acoustic
waves representing dispenser (e.g., dispenser 110, 320, 415,
and/or 510) projection of an object may be used. For
example, a time domain band pass filter having a window
that passes acoustic waves representing an impact of an
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object on concrete may be used. Accordingly, the filter
module 658 includes a time domain module 660. In another
example embodiment the filter module 658 may be config-
ured to detect an acoustic wave signature. For example, a
first filter based on an expected wave for no defect may be
developed and applied. For example, a second filter based on
an expected wave for defect may be developed and applied.
The output from applying the first or second filter may
indicate whether or not a defect exists in the concrete.

Further, the acoustic waves representing an impact of an
object on concrete may be filtered in the frequency domain
to filter or remove acoustic waves representing ambient
noise. For example, the acoustic waves (e.g., time domain
filtered acoustic waves) representing an impact of an object
on concrete may be converted (e.g., using a Fourier trans-
form) to the frequency domain as, for example, contours
having a center frequency based on the wavelength of the
acoustic wave in the time domain. The frequency domain
contours may be filtered to remove acoustic waves repre-
senting ambient noise. The frequency domain filter may
remove contours having a center frequency below a set
value. Accordingly, the filter module 658 includes a fre-
quency domain module 662. Although the above description
describes the time domain filtering occurring before the
frequency domain filtering, in example embodiments the
frequency domain filtering may be performed before the
time domain filtering. Further, time domain and/or fre-
quency domain filtering may be performed without the other
type of filtering.

The flaw determination module 664 may be configured to
determine a defect (e.g., a delamination defect) exists (or
likely exists) in the concrete based on at least one of the
frequency domain or time domain filtered acoustic wave
measurement(s). For example, frequency domain contour
center frequencies may indicate the difference between
concrete with a defect and concrete without a defect. There-
fore, in one example embodiment, frequency domain con-
tour center frequencies with values above a first threshold
value may be determined as concrete with a defect, and
frequency domain contour center frequencies with values
below the first threshold value may be determined as con-
crete without a defect. In another example embodiment,
frequency domain contour center frequencies with values
below a second threshold value may be determined as
concrete with a defect, and frequency domain contour center
frequencies with values above the second threshold value
may be determined as concrete without a defect. In yet
another example embodiment, frequency domain contour
center frequencies with values between a third threshold
value and a fourth threshold value may be determined as
concrete with a defect, and frequency domain contour center
frequencies with values not between the third threshold
value and the fourth threshold value may be determined as
concrete without a defect.

The communication interface 618 and communication
interface 668 may be configured to provide a communica-
tion channel between the controller 600, the assessment
device 650 and/or other computing devices (not shown). The
communication channel may be wired or wireless. Accord-
ingly, the communication interface 618 and communication
interface 668 may be wired and/or wireless. In other words,
the communication interface 618 and communication inter-
face 668 may use at least one wired and/or wireless com-
munications protocol.

FIG. 7 illustrates a flowchart for detecting a defect in
concrete according to at least one example embodiment. The
steps described with regard to FIG. 7 may be performed due
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to the execution of software code stored in a memory (e.g.,
memory 606 and/or 656) associated with an apparatus (e.g.,
as shown in FIGS. 1, 3, 4, 5A and 6) and executed by at least
one processor (e.g., processor 602 and/or 652) associated
with the apparatus. However, alternative embodiments are
contemplated such as a system embodied as a special
purpose processor. Although the steps described below are
described as being executed by a processor, the steps are not
necessarily executed by a same processor. In other words, at
least one processor may execute the steps described below
with regard to FIG. 7.

As shown in FIG. 7, in step S705 an object is projected at
a portion of concrete. For example, a dispenser (e.g., dis-
penser 110, 320, 415 and/or 510) can project (or drops,
propels or launches) an object toward a portion of concrete
(e.g., concrete 120, 335, 440, 520). As discussed above,
projecting an object can include dropping the object or
applying a force (e.g., spring or gas acceleration) to the
object.

In step S710 impact detection is triggered. For example,
triggering impact detection can be based on determining an
expected impact time and/or sensing that an impact is about
to occur. As discussed above, the trigger module 610 may be
configured to calculate associated impact times based on the
indication that the object is about to impact the concrete, the
dispenser characteristic values and/or the object character-
istic values.

In step S715 an object acoustic wave reflected from the
concrete is detected. For example, a detector (e.g., detector
115, 325, 420, 515) can measure at least one acoustic wave
associated with an impact of the object.

In step S720 at least one of a time domain and a frequency
domain filter is applied to the detected acoustic wave. For
example, an acoustic wave associated with the impact can
include at least one acoustic wave representing ambient
noise (e.g., environmental sounds associated with nearby
vehicles) or other undesirable sounds (e.g., spring or air gun
shots associated with a dispenser) which may be filtered or
removed from the acoustic wave measurements. Accord-
ingly, the detected acoustic wave can be filtered in the time
domain and/or transformed to the frequency domain and
filtered.

In step S725 whether or not a defect (e.g., delamination
defect) exists in the concrete slab is determined based on the
filtered acoustic wave. For example, as discussed above, a
frequency domain contour center frequency may indicate the
difference between concrete with a defect and concrete
without a defect. Accordingly, a defect may be indicated
based on one or more threshold values associated with the
frequency domain contour center frequency.

FIGS. 8A-8D illustrate graphs of time vs. frequency
contours according to at least one example embodiment. As
shown in FIGS. 8A and 8B, contours (e.g., frequency
domain representations of acoustic reflections) have a center
frequency and can occur incrementally (or substantially
incrementally) over time. Contours 805 may represent an
acoustic wave measurement (e.g., a reflected wave and/or a
Lamb wave) associated with dispensing (e.g., dropping,
propelling or launching) an object. Contours 810 and 815
may represent an acoustic wave measurement associated
with an impact of the object on concrete.

Each contour can be generated (e.g., by controller 600 or
assessment device 650 using a Short-time Fourier transform
(STFT). STFT is a signal processing method used for
analyzing non-stationary signals (e.g., acoustic wave mea-
surements), with statistical characteristics that vary with
time. STFT may be used to extract several frames of the
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signal to be analyzed with a window that moves with time.
If the time window is sufficiently narrow (e.g., a limited
number of samples, for example 1024), each frame extracted
can be viewed as stationary so that a Fourier transform can
be used. With the window moving along the time axis, the
relation between the variance of frequency and time can be
identified (e.g., frequency variations indicating a defect can
be identified).

Contour 810 may represent an acoustic wave measure-
ment associated with a portion of concrete without a defect.
Contour 815 may represent an acoustic wave measurement
associated with a portion of concrete with a defect. Contour
815 may include a plurality of contours including a contour
815-1 having a center frequency similar (somewhat similar,
substantially equal to) a center frequency of contour 810.
Contour 815 may include a plurality of contours having at
least one resonance frequency generated based on a defect.

As shown in FIGS. 8C and 8D, a filter window 825 (e.g.,
as applied by filter module 658) filters or removes the
contour 805 that represents the acoustic wave measurement
associated with dispensing (e.g., dropping, propelling or
launching) the object. The filter window 825 also filters or
removes noise or ambient noise 820. The filter window 825
may also vary with time, isolating a number of impacts over
time. For example, each filter window 825 may represent
one impact in a STFT. The filter window 825 may be
implemented in the time domain and/or the frequency
domain. For example, the filter window 825 may be imple-
mented in two steps. In a first step, a time domain filter may
remove the contour 805. In a second step, a frequency
domain filter may remove the noise or ambient noise 820.

According to an example implementation based on the
steps described with regard to FIG. 7 and windowing
described with regard to FIGS. 8C and 8D, the dispensing of
the object can include dispensing a first object at a first time,
and dispensing a second object at a second time. Then the
determining of the impact time of the object may include
determining an impact time of the first object and determin-
ing an impact time of the second object. The filtering of the
at least one acoustic wave may include applying a window
that moves with time based on the impact time of the first
object and an impact time of the second object, or the
window may be configured to isolate an acoustic wave
associated with the first object from an acoustic wave
associated with the second object. This example implemen-
tation may be performed while a system is traveling along a
roadway or bridge as described above with regard to FIG.
5A.

Some of the above example embodiments are described as
processes or methods depicted as flowcharts. Although the
flowcharts describe the operations as sequential processes,
many of the operations may be performed in parallel,
concurrently or simultaneously. In addition, the order of
operations may be re-arranged. The processes may be ter-
minated when their operations are completed, but may also
have additional steps not included in the figure. The pro-
cesses may correspond to methods, functions, procedures,
subroutines, subprograms, etc.

Methods discussed above, some of which are illustrated
by the flow charts, may be implemented by hardware,
software, firmware, middleware, microcode, hardware
description languages, or any combination thereof. When
implemented in software, firmware, middleware or micro-
code, the program code or code segments to perform the
necessary tasks may be stored in a machine or computer-
readable medium such as a storage medium. A processor(s)
may perform the necessary tasks.
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Specific structural and functional details disclosed herein
are merely representative for purposes of describing
example embodiments. Example embodiments, however,
may be embodied in many alternate forms and should not be
construed as limited to only the embodiments set forth
herein.

It will be understood that, although the terms first, second,
etc. may be used herein to describe various elements, these
elements should not be limited by these terms. These terms
are only used to distinguish one element from another. For
example, a first element could be termed a second element,
and, similarly, a second element could be termed a first
element, without departing from the scope of example
embodiments. As used herein, the term “and/or” includes
any and all combinations of one or more of the associated
listed items.

It will be understood that when an element is referred to
as being “connected” or “coupled” to another element, it can
be directly connected or coupled to the other element or
intervening elements may be present. In contrast, when an
element is referred to as being “directly connected” or
“directly coupled” to another element, there are no inter-
vening elements present. Other words used to describe the
relationship between elements should be interpreted in a like
fashion (e.g., “between” versus “directly between,” “adja-
cent” versus “directly adjacent,” etc.).

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of example embodiments. As used herein, the
singular forms “a,” “an” and “the” are intended to include
the plural forms as well, unless the context clearly indicates
otherwise. It will be further understood that the terms
“comprises,” “comprising,” “includes” and/or “including,”
when used herein, specify the presence of stated features,
integers, steps, operations, elements and/or components, but
do not preclude the presence or addition of one or more other
features, integers, steps, operations, elements, components
and/or groups thereof.

It should also be noted that in some alternative imple-
mentations, the functions/acts noted may occur out of the
order noted in the figures. For example, two figures shown
in succession may in fact be executed concurrently or may
sometimes be executed in the reverse order, depending upon
the functionality/acts involved.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which example embodiments belong. It will be further
understood that terms, e.g., those defined in commonly used
dictionaries, should be interpreted as having a meaning that
is consistent with their meaning in the context of the relevant
art and will not be interpreted in an idealized or overly
formal sense unless expressly so defined herein.

Portions of the above example embodiments and corre-
sponding detailed description are presented in terms of
software, or algorithms and symbolic representations of
operation on data bits within a computer memory. These
descriptions and representations are the ones by which those
of ordinary skill in the art effectively convey the substance
of their work to others of ordinary skill in the art. An
algorithm, as the term is used here, and as it is used
generally, is conceived to be a self-consistent sequence of
steps leading to a desired result. The steps are those requir-
ing physical manipulations of physical quantities. Usually,
though not necessarily, these quantities take the form of
optical, electrical, or magnetic signals capable of being
stored, transferred, combined, compared, and otherwise
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manipulated. It has proven convenient at times, principally
for reasons of common usage, to refer to these signals as
bits, values, elements, symbols, characters, terms, numbers,
or the like.

In the above illustrative embodiments, reference to acts
and symbolic representations of operations (e.g., in the form
of flowcharts) that may be implemented as program modules
or functional processes include routines, programs, objects,
components, data structures, etc., that perform particular
tasks or implement particular abstract data types and may be
described and/or implemented using existing hardware at
existing structural elements. Such existing hardware may
include one or more Central Processing Units (CPUs),
digital signal processors (DSPs), application-specific-inte-
grated-circuits, field programmable gate arrays (FPGAs)
computers or the like.

It should be borne in mind, however, that all of these and
similar terms are to be associated with the appropriate
physical quantities and are merely convenient labels applied
to these quantities. Unless specifically stated otherwise, or as
is apparent from the discussion, terms such as “processing”
or “computing” or “calculating” or “determining” of “dis-
playing” or the like, refer to the action and processes of a
computer system, or similar electronic computing device,
that manipulates and transforms data represented as physi-
cal, electronic quantities within the computer system’s reg-
isters and memories into other data similarly represented as
physical quantities within the computer system memories or
registers or other such information storage, transmission or
display devices.

Note also that the software implemented aspects of the
example embodiments are typically encoded on some form
of non-transitory program storage medium or implemented
over some type of transmission medium. The program
storage medium may be magnetic (e.g., a floppy disk or a
hard drive) or optical (e.g., a compact disk read only
memory, or “CD ROM?”), and may be read only or random
access. Similarly, the transmission medium may be twisted
wire pairs, coaxial cable, optical fiber, or some other suitable
transmission medium known to the art. The example
embodiments not limited by these aspects of any given
implementation.

Lastly, it should also be noted that whilst the accompa-
nying claims set out particular combinations of features
described herein, the scope of the present disclosure is not
limited to the particular combinations hereafter claimed, but
instead extends to encompass any combination of features or
embodiments herein disclosed irrespective of whether or not
that particular combination has been specifically enumerated
in the accompanying claims at this time.

What is claimed is:

1. A method comprising:

dispensing a first object at a first portion of concrete;

dispensing a second object at a second portion of con-
crete;

determining a first impact time of the first object on the
first portion of concrete;

determining a second impact time of the second object on
the second portion of concrete;

detecting at least one acoustic wave reflected from the
first portion of concrete and the second portion of
concrete;

filtering the at least one acoustic wave using a filter
window that moves with time based on the first impact
time and the second impact time, the filter window
being configured to differentiate between an acoustic
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wave associated with impact of the first object and an
acoustic wave associated with impact of the second
object; and

identifying a defect in at least one of the first portion of
concrete and the second portion of concrete based on
the filtering.

2. The method of claim 1, wherein the first object and the
second object are one of a plurality of objects each dispensed
in succession.

3. The method of claim 1, wherein the portion of concrete
is a portion of a roadway or bridge and the first object and
the second object are one of a plurality of objects, the
method further comprising:

changing a dispense location along the roadway or bridge;

dispensing each of the plurality of objects incrementally
along the roadway or bridge; and

identifying an impact location on the roadway or bridge
for each of the plurality of objects, the identifying a
defect includes identifying if a defect exists at each
impact position.

4. The method of claim 1, wherein the dispensing of the
first object and the second object are one of a compressed
gas launch and spring assisted launch.

5. The method of claim 1, wherein each of the first object
and the second object dissipates into an environment sur-
rounding the portion of concrete without a negative impact
on the environment surrounding the portion of concrete.

6. The method of claim 1, wherein the filtering of the at
least one acoustic wave includes time domain filtering of the
at least one acoustic wave associated with the dispensing of
the first object and the second object.

7. The method of claim 1, wherein the filtering of the
acoustic wave includes,

converting the acoustic wave into the frequency domain,
and

frequency domain filtering of ambient noise.

8. The method of claim 1, wherein the identifying of a
defect includes,

converting the acoustic wave into the frequency domain,

determining a center frequency of an contour, and

identifying a defect based on the center frequency of the
contour and a threshold value.
9. A system comprising:
a dispenser configured to project a first object toward a
first portion of concrete and configured to project a
second object at a second portion of concrete;
a detector configured to detect at least one acoustic wave,
the at least one acoustic wave being reflected from the
first portion of concrete in response to impact of the
first object and reflected from the second portion of
concrete in response to impact of the second object; and
an assessment device configured to:
filter the at least one acoustic wave using a filter
window that moves with time, the filter window
being configured to differentiate between an acoustic
wave associated with the impact of the first object
and an acoustic wave associated with the impact of
the second object, and

identify a defect based on the results of the filter.

10. The system of claim 9, wherein

the assessment device includes a filter module, and

the filter module is configured to apply at least one of a
time domain filter and a frequency domain filter to
remove at least one acoustic wave associated with the
dispensing of the first object and the second object and
at least one acoustic wave associated with ambient
noise.
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11. The system of claim 9, wherein

the assessment device includes a flaw determination mod-

ule,

the flaw determination module is configured to convert

the at least one acoustic wave reflected from the portion
of concrete to a frequency domain as at least one
contour having a center frequency, and

the flaw determination module is configured to identify a

defect based on the center frequency of the at least one
contour and a threshold value.

12. The system of claim 9, further comprising:

a vehicle configured to move the system along a roadway

or bridge; and

a global positioning system configured to determine a

position of the system, wherein

the portion of concrete is a portion of the roadway or
bridge and the first object and the second object are
one of a plurality of objects,

the dispenser projects each of the plurality of objects
incrementally along the roadway or bridge, and

the assessment device identifies an impact position on
the roadway or bridge for each of the plurality of
objects and identifies whether or not a defect exists
at each impact position.

13. The system of claim 9, further comprising a datastore
configured to store a plurality of measurements associated
with the at least one acoustic wave in correspondence with
associated impact times for the first object and the second
object and a location of the impact of the object.

14. The system of claim 9, wherein the assessment device
filters the at least one acoustic wave using at least one of a
time domain filter and a frequency domain filter.

15. The system of claim 9, wherein the assessment device,

removes at least one acoustic wave associated with a

dispensing of the first object and the second object
using a time domain filter; and

removes at least one acoustic wave associated with ambi-

ent noise using a frequency domain filter.
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16. The system of claim 9, further comprising a catcher
configured to retrieve at least one object projected by the
dispenser.

17. A non-transitory computer readable medium including
code segments that, when executed by a processor, cause the
processor to:

process a plurality of records from a datastore, the plu-

rality of records including at least one measurement
associated with an acoustic wave reflected from a
portion of concrete upon impact of an object and
information about the measurement;

filter the at least one measurement using at least one of a

time domain filter and a frequency domain filter, each
of the time domain filter and the frequency domain
filter include a filter window that moves with time, the
filter window being configured to differentiate between
an acoustic wave associated with an impact of a first
object on the portion of concrete at a first location and
an acoustic wave associated with an impact of a second
object on the portion of concrete at a second location;
and

identify a defect in the portion of concrete based on the

filtered at least one measurement.

18. The computer readable medium of claim 17, wherein
the code segments further cause the processor to:

convert the at least one measurement to a frequency

domain as at least one contour having a center fre-
quency; and

to identify a defect based on the center frequency of the

at least one contour and a threshold value.
19. The computer readable medium of claim 17, wherein
the filtering of the at least one measurement includes,
removing at least one measurement of an acoustic wave
associated with a dispensing of the first object and the
second object using the time domain filter; and

removing at least one measurement of an acoustic wave
associated with ambient noise using the frequency
domain filter.



